A gronomy J our n al • Volu me 102 , I s sue 4 • 2 010
Control strategies typically involve integrating the use of pathogen-free seed, burying or burning residue, rotating chickpeas with nonhost crops, and judiciously using fungicides (Nene and Reddy, 1987; Kaiser, 1992; Akem, 1999; Gan et al., 2006; Harveson, 2007) . Development of resistant cultivars is the preferred approach to controlling Ascochyta blight, however, this has proven elusive as resistance has not always been eff ective under high disease pressure or across locations, and shift s in levels of resistance have been observed over time or as plants mature (Singh and Reddy, 1996; Akem, 1999; Jayakumar et al., 2005) . Developing cultivars with high levels of resistance that is eff ective over multiple locations and stable over time is challenging because of the complexity of both the pathogen and the patterns of inheritance of resistance. Ascochyta blight outbreaks are infl uenced by environmental conditions and the genetic background of both the cultivar and the pathogen population (Jayakumar et al., 2005) . To be commercially viable, cultivars must also possess desirable agronomic characteristics and some sources of resistance lack preferred yield and quality traits (Singh and Reddy, 1996) .
Nebraska producers need the fl exibility to take advantage of emerging market opportunities and chickpeas have this potential. Chickpeas fi t well with existing equipment, dry bean processors, and regional infrastructure. Initially chickpea production in Nebraska grew rapidly (from 607 ha in 2000 to almost 4047 ha in 2006). However, planted hectares declined to fewer than 121 ha in 2007 largely because of the threat for Ascochyta blight. Also of concern is the variability of yield, seed size, pest resistance, and quality of currently available varieties. Th us it is essential that well-adapted cultivars with desirable agronomic characteristics be developed.
Th erefore, we evaluated existing chickpea germplasm (Western Regional Chickpea Trial provided by USDA-ARS, Pullman, WA) in fi eld trials during 2005 to 2007 to identify lines that are well adapted to this region, have desirable yield and quality characteristics, and are resistant to Ascochyta blight. Promising lines will be included in our ongoing breeding eff orts to develop economically viable chickpea cultivars for this region. Here we report the results of the agronomic characteristics portion of the study. Results of the Ascochyta blight resistance portion of the study were reported in Harveson et al. (2009) .
MATERIALS AND METHODS

Locations
Th is study was conducted from 2005 to 2007 at two research sites associated with the University of Nebraska (Scottsbluff and Sidney) and in a grower's fi eld located near Alliance, NE. Soil at the Scottsbluff site (41º53´36˝ N, 103º40´42˝ W, 1200 m elevation) is a Tripp very fi ne sandy loam soil (coarse-silty, mixed, superactive, mesic Aridic Haplustoll) . Soil at the Sidney site (41º12´ N, 103º0´ W, 1315 m elevation) is a silt loam (fi nesilty, mixed, superactive, mesic Aridic Argiustoll). Soil at the Alliance site (42º25´ N, 102º96´ W, 1279 m elevation) is a fi nesilty, mixed, superactive, mesic Aridic Argiustoll.
Germplasm
Fourteen entries were evaluated at each location during each of the 3 yr. Only the nine entries that were common to all sites and years are included in this paper. Th ese entries consisted of six advanced lines and three commercial cultivars obtained from the chickpea breeding program at USDA-ARS, Pullman, WA through the Western Regional Chickpea Trial and the National Plant Germplasm System (Table 1) .
Experimental Design
We evaluated the adaptation of chickpea germplasm under irrigated and dryland conditions in the Nebraska Panhandle. Th ese included fi ve dryland trials: Scottsbluff (2006 ), Sidney (2005 , and Alliance (2005 and ; and six irrigated trials: Scottsbluff (2005 , and 2007 ), Sidney (2006 ), and Alliance (2005 . Within each environment, genotypes were assigned to experimental units using a randomized complete block design with four replications at each location. All plots were 1.7 m wide and consisted of eight rows. Row length varied by location: Alliance (6 m), Scottsbluff irrigated (3 m) and dryland (6 m), Sidney irrigated (7.4 m) and dryland (10 m). Seed was planted at a density of 44.7 seeds m -2 . Before planting, seeds were inoculated with N-Dure (Microbials, LLC, Kentland, IN) at a rate of 2.2 kg inoculum 682 kg seed -1 .
Trials were planted in early May when soil temperature at a depth of 5 cm were 7.2ºC and rising as recommended by Margheim et al. (2004) . All trials were planted in fi elds where corn (Zea mays L.) had been grown the preceding year.
Phosphorus was applied at a rate of 4.8 kg ha -1 by broadcasting an 11-15-0 starter fertilizer. Plots were treated with 85 g ha -1 sulfentrazone (Spartan, FMC Corp., Philadelphia, PA) preplant and 170 g ha -1 of quizalofop-P ethyl (Assure II, Dupont, Wilmington, DE) postplant to control broadleaf and grass weeds, respectively. Because the purpose of this study was to evaluate the inherent agronomic and resistance characteristics of the germplasm, no fungicide treatments were applied at the University of Nebraska sites (Scottsbluff and Sidney). However, the cooperating grower (Alliance) followed his customary production practices and applied 658 mL ha -1 pyraclostrobin (Headline, BASF Crop Protection) at fl owering to control Ascochyta blight. Aft er emergence and throughout the growing season irrigated plots were watered approximately once a week with 1.3 cm of water using sprinkler irrigation systems. Plots were harvested with a plot combine (Wintersteiger Classic, Salt Lake City, UT).
Response Variables
Environmental data, including daily rainfall (mm), and minimum and maximum temperatures (ºC) were obtained from data recorded by automated weather stations near each (Table 2) . To evaluate plant response to environments, we determined yield (kg ha -1 ), 100-seed weight (g), and the number of days to harvest (when plants were dry enough to be harvested with a combine). We calculated Eberhart and Russell's (1966) stability index (SI)to evaluate the yield performance of the genotypes across environments. Th e prevalence of Ascochyta blight in each plot was rated each year in mid-July. Th ese data were reported in Harveson et al. (2009) .
Statistical Analysis
Data were analyzed using PROC MIXED (SAS Institute, 2004) . Each environment (location-year combination) was analyzed separately. Location and replication were treated as random eff ects and genotype was treated as a fi xed eff ect. Homogeneity of the variances was evaluated using Barlett's χ 2 test (Steel and Torrie, 1980) . When appropriate the data were pooled. In the pooled analyses, year × location and replication were random eff ects and genotypes were fi xed eff ects. Means were separated using an F-protected LSD. All tests were considered signifi cant at P ≤ 0.05. Th e Eberhart and Russell (1966) SI was plotted against mean seed yield across irrigated environments to further evaluate the comparative performance of the nine chickpea genotypes.
Economic Analysis
Chickpea production data were used to develop an economic analysis using a partial budgeting approach based on individual observations. All site years were used in the dryland analysis, while only 4 of the 6 yr were used for the irrigated analysis to evaluate the economic potential of irrigated chickpeas both with (Alliance 2005 and 2006) and without (Scottsbluff 2005 and fungicide protection. Each observation was evaluated for gross and net return. Th e gross return was derived using the moisture adjusted weight multiplied by a 3-yr average of the grower price as reported by the USDA Agricultural Market Service. Net return was determined by subtracting the cost of production, either dryland or irrigated, from the gross return. All costs were assumed to be constant except for hauling, which was based on crop yield, and fungicide treatments for the Alliance site. Cost of dryland and irrigated chickpea production was obtained from "Chickpea Production in the High Plains" (Margheim et al., 2004 ). An ANOVA was performed on these data using PROC GLM (SAS Institute, 2004) .
RESULTS AND DISCUSSION
Seed yield, 100-seed weight, and days to harvest varied (P ≤ 0.01) with genotype, environment, and their fi rst order interaction in both irrigated and dryland environments (Table 3 ). Most of the variance is attributed to environments followed by genotypes.
Yield
Seed yield varied widely among environments and entries. On average, each entry performed better under irrigated than under dryland conditions. Overall, seed yield averaged 53% lower under dryland than under irrigated conditions, ranging from 48 to 57% lower for individual entries (Table 4) .
Among irrigated environments, yield was greatest at Scottsbluff 2006 and least at Scottsbluff 2007 followed by Sidney 2006 (Table 4) . Th e lower yields in the latter two environments may be due in part to the relatively high incidence of Ascochyta blight, during these trials. Ascochyta blight ratings averaged 2.7 and 3.2 (1-5 scale where 1 = no disease and 3 = 50% stand with 50% of plants showing symptoms) at Scottsbluff and Sidney, respectively (Harveson et al., 2009) . Additional factors include a high incidence of root rot (Rhizoctonia solani) (data not shown) in Scottsbluff 2007, and early season hail in Sidney 2006.
Among dryland environments, yield was greatest at Alliance 2005 and least at Scottsbluff and Alliance 2006 (Table 4 ). Th ese results may, in part, refl ect early growing season weather conditions as high temperatures can reduce fl owering and seed set (Auckland and van der Maesen, 1980) . Alliance 2005 experienced below average temperatures and above average precipitation during May and June, whereas Scottsbluff and Alliance 2006 had above average temperatures from May through July and below average precipitation during May (Fig. 1 ). However, Sidney 2006 experienced similar temperature and precipitation patterns ( Fig. 1 ), yet on average yielded about 2.7 times more than Alliance or Scottsbluff . Sidney received the greatest amount Irrigated  CA0090B347C  1954  2105  2289  1795  874  327  1557  W6 17256  1661  1846  1048  1574  1456  341  1321  Sierra  1509  1526  2354  1738  215  358  1283  CA9990B1579C  1645  1721  2332  1503  390  69  1276  Dwelley  851  1704  2190  1387  71  138  1057  Dylan  871  1348  2319  1403  18  188  1024  CA9783163C  716  1579  2134  1471  41  104  1008  CA9890233W  484  1330  2445  1523  138  126  1008  CA99901875W  329  1140  2134  1236  44  261  857  Mean  1113  1589  2138  1514  360  213 of precipitation during 2005 (Table 2) which may have permitted more carryover soil moisture during the early 2006 growing season. CA0090B347C and W6 17256 were the top yielding entries, ranking fi rst and second, respectively, averaged across all irrigated and all dryland environments. CA0090B347C ranked fi rst in three and second in one of the six irrigated environments and fi rst in three and second in two of the fi ve dryland environments (Table 4) . W6 17256 was one the top three performers in all but one of the irrigated environments, ranking fi rst in one and second in three of the six irrigated environments. Although the yield response of W6 17256 was more variable under dryland conditions, it ranked fi rst in two of the fi ve dryland environments (Table 4 ). In 2006, W6 17256 had lower germination in part because of poor seed quality. It is noteworthy that W6 17256 had the highest dryland yield at Sidney 2006 (Table 4) where the incidence of Ascochyta blight was greatest. At Sidney 2006 the average Ascochyta blight rating for W6 17256 was 1.5 under both irrigated and dryland conditions whereas the site average for the genotypes was 3.2 (Harveson et al., 2009) . Of the commercial cultivars, 'Sierra' had the greatest yield when averaged across environments, ranking third among irrigated and fourth among dryland environments (Table 4) .
To further evaluate the yield performance of the entries, we plotted mean seed yield across all irrigated environments against the Eberhart and Russell (1966) SI (Fig. 2) . According to Eberhart and Russell (1966) , desirable varieties are those which are high yielding and stable (index value of 1.0 and little deviation) across environments. Th us, the most promising entries are those in the upper right quadrant of Fig. 2 . Th ese include the previously mentioned CA0090B347C, W6 17256, and Sierra, as well as CA9990B1579C which was ranked fourth (irrigated) and third (dryland) in seed yield when averaged across environments (Table 4) . Other than Sierra, currently available commercial cultivars ('Dwelley' and 'Dylan') did not perform as well in terms of yield. Although, SI values were acceptable for most entries, the variation across environments during these trials was more than desired.
100-Seed Weight
100-seed weight, an indicator of seed quality, varied among environments and entries and was generally greater under irrigated than under dryland conditions. Overall, 100-seed weight averaged 4.5% lower under dryland than under irrigated conditions and ranged from 3.4% heavier to 13.9% lighter for individual entries (Table 5) . 100-seed weight was greatest at Alliance 2005 under both irrigated and dryland conditions and least at Sidney 2006 (irrigated) and Alliance 2006 (dryland) ( Table 5 ). Th is response may, in part, refl ect the greater amount of precipitation at Alliance 2005 and the more moderate amount of precipitation at Alliance and Sidney 2006 ( Table 2) . As with yield, the larger seed size at Alliance 2005 may in part refl ect below average temperatures and above average precipitation during the early growing season (May through June) at Alliance 2005 contrasted with above average temperatures (May through July) and below average precipitation (May) at all locations during 2006 (Fig. 1) . Dylan had the greatest average 100-seed weight across all irrigated and all dryland conditions, whereas top yielding CA0090B347C and W6 17256 had the smallest seed size (Table 5 ). Sierra had intermediate seed size (Table 5 ).
Days to Harvest
Days to harvest varied among environments and entries, and were generally less under dryland than under irrigated conditions. On average, chickpeas were ready for harvest approximately 2 d earlier under dryland than under irrigated conditions. Days to harvest occurred 3 d later to 5 d earlier under dryland conditions for individual entries (Table 6) .
Days to harvest were least at Scottsbluff 2007 among irrigated environments and at Alliance 2006 among dryland environments (Table 6 ). Days to harvest were later at Alliance 2005 under both irrigated and dryland conditions (Table 6 ). Perhaps the higher levels of precipitation at these locations during 2005 contributed to the delays in readiness for harvest (Table 2) .
On average, CA0090B347C was ready for harvest earliest under both irrigated and dryland conditions (Table 6 ). W6 17256 and Sierra were ready an average of 3 d later under irrigated conditions, and 1 to 3 d later, respectively, under dryland conditions. Dylan was among the earliest harvest ready entries under irrigated conditions, but was the latest under dryland conditions. Th is suggests that Dylan may be more sensitive to soil moisture levels than many of the other entries.
Economic Analysis
Production of chickpeas under fungicide protected irrigated conditions (Alliance 2005 and resulted in positive net returns for eight of the nine entries (Table 7) . Sierra and CA9990B1579C had the largest net return; near $400.00 ha -1 (Table 7) . Although CA0090B347C and W6 17256 were the highest yielding entries (Table 4) , their net return values were lowest, with W6 17256 being negative ( Table 7) . Because of their small seed size (able to pass through a 9-mm screen), the price for these chickpeas was reduced almost 30% which substantially reduced their gross return values. When little or no Ascochyta blight is present, the potential for chickpea in the region is signifi cant and positive.
Production of chickpeas without the application of fungicide was economically successful at Scottsbluff (2005 and . Returns were positive for eight of the entries, with both CA9900B1579C and Sierra having a net return exceeding $750.00 ha -1 (Table 7) . Only W6 17256 showed a net return less than zero (Table 7) . Th e net return value for the unprotected trials Irrigated  CA0090B347C  120  115  111  101  112  Dylan  128  104  116  105  113  CA9990B1579C  125  115  114  107  115  W6 17256  123  119  109  107  115  Sierra  123  115  115  105  115  Dwelley  128  115  116  110  117  CA9783163C  128  115  116  113  118  CA9890233W  125  115  118  114  118  CA99901875W  125  115  116  115  118  Mean  125  114  115  109 is adequately high to allow producers to apply treatments of fungicide at a cost of $69.00 ha -1 as a risk of management strategy. None of the entries produced positive net returns under dryland conditions (Table 7) . Gross and net return values varied little among entries (P ≤ 0.05) and losses averaged approximately $157 ha -1 (Table 7) . Th ese results suggest that dryland production of chickpeas may not be a viable option in the Nebraska Panhandle. Th is study was conducted during a prolonged regional drought. It is unknown how these entries might perform under dryland conditions during years with average or above average precipitation. However, drought is a normal though unpredictable occurrence in the High Plains. Th erefore, even if dryland chickpea production can be profi table under nondrought moisture regimes, it would still be a risky venture given the unpredictability of drought. Producers in this region have historically been focused on low input, low risk dryland crop production. Dryland chickpea production may have additional rotation benefi ts in terms of crop diversity and nitrogen fi xation, but this is off set by poor yields and high cost of production. Under present market and production constraints, this crop does not meet the goals of dryland crop producers in this region.
CONCLUSIONS
For western Nebraska and the High Plains region to become a competitive chickpea production area, varieties are needed that are well adapted to this region, have desirable yield and quality characteristics, and are resistant to Ascochyta blight. In these trials, CA0090B347C and W6 17256 were the top yielding entries under both irrigated and dryland conditions and showed some resistance to Ascochyta blight (particularly W6 17256). Both were ready to harvest within an acceptable time frame. Unfortunately, their seed size does not meet commercial standards which reduces the price for these chickpeas and their economic viability. Nevertheless, CA0090B347C and W6 17256 show promise as parental germplasm sources for ongoing breeding eff orts to develop well adapted, high yielding, disease resistant cultivars for this region. In the interim, the commercial cultivar, Sierra, may be an acceptable alternative, though fungicides treatments will likely be needed to control Ascochyta blight.
Chickpeas have potential as an alternative crop for this region. Because of their ability to fi x N and thus improve soil fertility, chickpeas could be a valuable addition to crop rotation systems. However, under the conditions of these trials, only irrigated production was economically viable. Returns from the majority of the entries were competitive and if they could be achieved with cost eff ective fungicide treatment(s) on a consistent basis, it would make chickpeas a viable crop for this region.
For dryland production to be feasible, the cost of production needs to be reduced and/or varieties need to be developed with improved yield and seed size under limited moisture conditions. If successful, chickpea would be a valuable alternative in dryland areas dominated by winter wheat and proso millet and would fi t well in summer fallow rotations.
